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Generation of Reactive Species and Fate of
Thiols During Peroxidase-Catalyzed
Metabolic Activation of Aromatic Amines
and Phenols
by David Ross* and Peter Moldeust
The horseradish peroxidase (HRP)-catalyzed oxidation ofp-phenetidine and acetaminophen was inves-
tigated. Studies usingthespinprobe2-ethyl-1-hydroxy-2,5,5-trimethyl-3-oxazolidine (OXANOH) suggested
these oxidations involve the generation of substrate-derived free radicals. This was confirmed by using
glutathione (GSH) in these incubations in the presence of the spin trap 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO). DMPO-glutathionyl radical adducts were observed using EPR spectroscopy during HRP-cata-
lyzed oxidation of both p-phenetidine and acetaminophen. Investigations of oxygen uptake and oxidized
glutathione (GSSG) formation during HRP-catalyzed oxidations of p-phenetidine and acetaminophen
suggested that furtherreactions ofthe glutathionyl radical involve glutathione peroxysulfenyl radical and
glutathione sulfenyl hydroperoxide production. Quinonoid products of the peroxidatic oxidations ofp-
phenetidine and acetaminophen, and their interaction with GSH via both conjugation and redox mecha-
nisms are described. The relevance of these reactions of GSH with reactive species as detoxification
mechanisms is discussed.
Introduction
Aromatic amines and phenols are widely used in in-
dustrial processes and as drugs and are therefore com-
pounds of toxicological interest. Both of these groups
of compounds act as efficient cosubstrates of various
peroxidases such as prostaglandin synthase (PGS) and
horseradish peroxidase (HRP)(1,2). We have been in-
vestigating the metabolism of the analgesic drug acet-
aminophen (N-acetyl-p-aminophenol) and the aromatic
amine p-phenetidine (4-ethoxyaniline), both of which
are metabolites ofthe analgesic phenacetin. Phenacetin
may induce analgesic nephropathy after chronic dosage
and has also been shown to induce kidney carcinoma
(3,4). As the kidney is rich in peroxidases such as PGS
(5) then peroxidatic metabolism of the two primary
phenacetin metabolites, acetaminophen and p-pheneti-
dine (6), in the kidney may contribute to phenacetin-
induced nephrotoxicity.
In order to assess the toxicological implications of
*Present address: School of Pharmacy, University of Colorado,
Boulder, CO 80309.
tDepartment of Toxicology, Karolinska Institutet, Box 60 400, S
10401 Stockholm, Sweden.
peroxidatic oxidation of p-phenetidine and acetamino-
phen wre have used HRP as a model peroxidase. We
describe here some mechanistic aspects of our work on
the HRP-catalyzed metabolism of both p-phenetidine
and acetaminophen. In addition, on a more general ba-
sis, we have used these two compounds as model sub-
strates to investigate the interaction of substrate-de-
rived reactive products with the endogenous tripeptide
glutathione (GSH), athiolubiquitous inmammalian sys-
tems which is generally considered to contribute to the
detoxification of reactive species (7).
Results and Discussion
The substrate for HRP is hydrogen peroxide (H202),
which oxidizes the enzyme from its Fe3+ resting state
to an Fe5" form (compound 1), and regeneration ofthe
resting state ofthe enzyme usually occurs via two suc-
cessive one-electron reductions utilizinga variety ofhy-
drogen donors.(1). Amines and phenols can serve as
reducingcosubstrates forthe oxidized form ofHRP and
are thus oxidized to free-radical forms during this pro-
cess (8-10). We were unable to demonstrate the gen-
eration of free-radical intermediates during HRP-cat-ROSS AND MOLDEUS
alyzed oxidation of p-phenetidine or acetaminophen
using EPR spectroscopy in the presence or absence of
the spin-trapping agent 5,5-dimethyl-1-pyrroline-N-ox-
ide (DMPO). That free-radical species were produced
in these reactions was suggested by use of the spin
probe 2-ethyl-1-hydroxy-2,5,5-trimethyl-3-oxazolidine
(OXANOH). This compound can be oxidized by other
free radicals to generate the radical form of the spin
probe -OXANO, arelatively stable nitroxide which can
be observed easilybyusingEPR spectroscopy(11). The
inclusion ofOXANOH during HRP-catalyzed oxidation
ofacetaminophen ledtothegeneration ofanEPR signal
indicative of OXANO- production (Fig. 1). The perox-
ide-, enzyme-, and acetaminophen-dependence of the
EPR signal confirmed that the species responsible for
the oxidation of the hydroxylamine was a product of
enzymatic oxidation ofacetaminophen (12). Similar re-
sults were obtained by using p-phenetidine in place of
acetaminophen (13).
One of the cells' protective mechanisms against re-
active species involves the thiol GSH, which is known
to detoxify electrophiles viathe formation ofconjugates
whicharesubsequentlyexcretedfromthecell(7). There
are few data, however, concerning the interaction of
GSH with free radicals generated during the metabo-
lism of xenobiotics. The inclusion of GSH during the
HRP-catalyzed oxidation ofp-phenetidine led to a de-
crease in the removal ofthe aromatic amine, the extent
ofwhichwasdependent onGSHconcentration (13). This
suggested that GSH may reduce the amine radical back
to the parent substrate, a process which would involve
the generation of a glutathione radical. Thiyl radicals
have been observed previously by using EPR spec-
troscopy in conjunction with the spin-trap DMPO
(14,15), and we employed this technique to investigate
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FIGURE 1. EPR spectra obtained during HRP-catalyzed metabo-
lism of acetaminophen in the presence of OXANOH: (A) acet-
aminophen (1 mM), HRP (0.2 ,ug/mL), H202 (0.25mM), OXANOH
(1 mM); (B) as for (A) but minus acetaminophen; (C) as for (A) but
minus HRP; (D) as for (A) but minus H202. Instrumental condi-
tions: receiver gain = 4 x 103, microwave power = 10 mW,
modulation amplitude = 0.2 G, time constant = 0.3 sec, scan time
= 2 min. Reactions were started by addition of peroxide and
spectra recorded after 1 min.
their formation under these conditions. The inclusion of
GSH and DMPOinanincubation containingHRP, H202
and p-phenetidine led to the production of a paramag-
netic signal (Fig. 2A) (aN = 15.0 G, a' = 16.3 G) con-
sistentwiththegenerationofaDMPO-glutathionylrad-
ical adduct (14,15). Such a signal was not observed in
the absence ofthiol, enzyme orp-phenetidine (Fig. 2B-
D). When acetaminophen was used as cosubstrate in
the presenceofGSH, DMPO, HRP, and H202, the spec-
trum shown in Figure 2E was observed (12); it is es-
sentially identical to that observed with p-phenetidine.
These results show that substrate-derived radicals are
produced during HRP-catalyzed oxidation ofp-phene-
tidine and acetaminophen. This has recently been con-
firmedinthe caseofacetaminophen, wherethe phenoxy
radical has been observed directly by using a fast-flow
EPR technique (16). Furthermore these data show that
amine and phenol-derived radicals may be reduced by
thiols such as GSH to generate thiyl radicals. This re-
action represents a potential detoxification reaction-a
mechanism whereby reactive, short-lived amine and
phenoxy radicals can be removed from the system.
There is however another radical species generated in
these reactions-the thiyl radical, and whether or not
the removal of amine or phenoxy radicals by GSH is
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FIGURE 2. EPR spectra obtained during HRP-catalyzed metabo-
lism ofp-phenetidine and acetaminophen in the presence ofGSH
and DMPO: (A) p-phenetidine (0.5mM), HRP (0.2 Fg/mL), H202
(0.25mM), GSH (5mM), DMPO (100mM); (B) asfor(A)butminus
GSH; (C) as for (A) but minus HRP; (D) as for (A) but minus p-
phenetidine; (E) acetaminophen (1 mM), HRP (0.2 F.g/mL), H202
(0.25 mM), GSH (5 mM), DMPO (100 mM). Instrumental condi-
tions: as in Fig. 1, but receiver gain = 2 x 104. Reactions were
started by the addition ofperoxide and spectra recorded after 1
nin.
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indeed a true detoxification reaction depends on the
subsequent fate ofthe glutathionyl radical.
Thiyl radicals are known to dimerize to form oxidized
gluathione (GSSG) and to interact with oxygen (17,18).
During the HRP-catalyzed oxidation of either p-phe-
netidine oracetaminophenweobservedincreasedGSSG
formation relative to controls without the phenol orthe
amine and a GSH-dependent oxygen uptake (13,19,20)
(Table 1). The interaction of the glutathionyl radical
with oxygen generates the peroxysulfenyl radical
(GSOO) which may then undergo a number ofreactions
(17,18). One possible fate ofthis radical is the generation
ofglutathione sulfonic acid (GSO3H) (21), but we were
unable to detect this in ourincubations. Theglutathione
peroxysulfenyl radical may also interact with GSH re-
generating the thiyl radical which could once more in-
teract with oxygen. Thus extensive oxygen uptake
would be observed during HRP-catalyzed oxidation of
either p-phenetidine or acetaminophen in the presence
ofexcessthiol. Thatthiswasthe caseisshowninFigure
3. Utilizing p-phenetidine and acetaminophen concen-
trations of0.5 mM and 0.25 mM, respectively, in these
reactions, maximal regeneration of substrate in the
presence of GSH, and therefore maximal oxygen up-
take, should occur at equimolar thiol concentration, as-
sumingthat GSH interacts with a single amine orphen-
oxy radical. Oxygen uptake observed during HRP-
catalyzed oxidation ofp-phenetidine or acetaminophen,
however, increased with increasing concentrations of
GSHup to 5 mM(Fig. 3). This suggeststhat anoxidized
glutathione radical, such as a peroxysulfenyl radical,
may interact with GSH, thus causing a cyclical reaction
in the presence ofexcess thiol leadingto extensive oxy-
gen uptake. On the basis ofthese results we have pro-
posed the scheme shown in Figure 4 to explain the in-
teraction ofGSH with amine and phenoxy radicals and
the subsequent fate ofthe glutathionyl radical. The re-
action ofGSH with the glutathione peroxysulfenyl rad-
ical (GSOO-) (Fig. 4) as well as regenerating the glu-
tathionyl radical (GS') would produce glutathione
sulfenyl hydroperoxide (GSOOH). The fate ofthis spe-
cies is unknown, but on the basis of extensive work on
the radiolysis ofthiols in aqueous solution (17,18,22,23)
Table 1. Formation of GSSG and oxygen uptake during HRP-
catalyzed oxidation ofp-phenetidine and acetaminophen in the
presence of GSH.a
GSSG formation, liMb 02 uptake, puMC
p-Phenetidined 440 180
Acetaminophene 130 113
aReactions were performed at 25°C for 5 min in the case of GSSG
determination and until uptake was complete in the case of oxygen
uptake.
bAfter subtraction ofcontrol values obtained in incubations minus
p-phenetidine or acetaminophen.
'No uptake was observed minus p-phenetidine or acetaminophen,
minus GSH, minus H202. A small oxygenuptake was observed minus
HRP and the results are corrected for this.
dSubstrate 0.5 mM; HRP, 0.2 ,ug/mL; H202, 0.25 mM; GSH, 5 mM.
'Substrate, 0.5 mM; HRP, 25 ,ug/mL; H202, 0.25 mM; GSH, 5mM.
rearrangement to glutathione sulfinic acid (GSO2H) or
hydrolysis eventuallyleadingtothegenerationofGSSG
are two possible pathways (Fig. 4). The toxicological
relevance of the further reactions of the glutathionyl
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FIGURE 3. Oxygen uptake observed during HRP-catalyzed oxida-
tion of (a) p-phenetidine and (0) acetaminophen in the presence of
various concentrations ofGSH. First forp-phenetidine oxidation:
Conditions: HRP (0.2 ,ug/mL), H202 (0.25 mM), substrate (0.5
mM); conditions for acetaminophen oxidation: HRP (25 ,ug/mL),
H202 (0.125 mM), substrate (0.25 mM).
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GSI
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FIGURE 4. Proposed scheme for the interaction ofGSH with amine
and phenoxy radicals (R-) and the subsequent fate of the gluta-
thionyl radical.
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radical remains to be established, and therefore the
question whether the interaction ofGSH with amine or
phenoxy radicals represents a true detoxification re-
action must remain open.
Peroxidase-catalyzed oxidation ofamines and phenols
usually generates a variety of products due to radical-
coupling reactions and the oxidations ofp-phenetidine
and acetaminophen by HRP are not exceptions to this.
In the case of p-phenetidine, many intensely colored
products are formed during HRP-catalyzed oxidation
(13,24). Some ofthese species were capable offorming
conjugates with GSH, shown by the presence ofwater-
soluble radioactivity after extraction when GSH was
added to incubations containing ("4C)-p-phenetidine,
HRP, and H202 (25). Whenthe conjugates formed were
analyzed by HPLC, different conjugates were ob-
served, dependent on the time of addition of GSH (26)
(Fig. 5). This indicates the sequential production of a
number of different reactive species during HRP-cat-
alyzed oxidationofp-phenetidine. Twooftheconjugates
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FIGURE 5. HPLC elutionprofiles obtained aftertheadditionofGSH
at various times to an incubation containing HRP (0.2 ,ug/mL),
H202 (1 mM), andp-phenetidine (0.5 mM). GSH (1 mM) was added
(A) 1 min, (B) 5 min, (C) 30min, (D) 60 min, and (E) 240 min after
initiation of the reaction. Analytical conditions as described else-
where (26).
NH2 H5C2O N = NH
HRP/H202 GSH
Conjugate.
OC2H5 H5C20O N K70 |
+GSH
NHCOCH3 NCOCH3
QHRP/H202 Q
Reduced
OH 0 Qulnonoid
Compound
and
GSSG
FIGURE 6. Proposed scheme showing the interaction of quinonoid
reactive species produced during HRP-catalyzed oxidation of
either p-phenetidine or acetaminophen with GSH.
were characterized by using fast atom bombardment
mass spectrometry as mono-GSH adducts of4-ethoxy-
phenyl-p-benzoquinoneimine and its diimine precursor
(26) (Fig. 6A). The identity of the other conjugates
formed during HRP-catalyzed oxidation of p-pheneti-
dineisunknown, butdouble-labelingexperiments using
purified (14C)-4-ethoxyphenyl-p-benzoquinoneimine and
(3H)-GSHhavesuggestedthatdi-GSHconjugatesofthe
quinoneimine mayalsobeformed (26). Furthermorethe
conjugates isolated may exist in both oxidized and re-
ducedforms and canbe readilyinterconverted byredox
processes. Indeed, this type ofredox reaction occurs to
alimited extent duringthereaction ofthe quinoneimine
itself and GSH, as GSSG is generated during this re-
action (unpublished) showing that GSH may serve as a
reductant towards the quinoneimine (Fig. 6A).
Peroxidase-catalyzed oxidation ofacetaminophen also
leads to the generation of reactive species which will
form conjugates with GSH. The major species respon-
sibleforsuchconjugationreactions, atleastformeddur-
ing PGS catalyzed oxidation, has been suggested to be
N-acetyl-p-benzoquinoneimine (NAPQI) (27), (Fig. 6B).
As in the case ofthe quinoneimine derived from p-phe-
netidine, GSH also serves as a reductant towards
NAPQI, but in this case the redox reaction is more
significant, particularly in the presence of excess GSH
(28,29). The reduction ofquinonoid compounds by GSH
may be toxicologically relevant, as the resultant hydro-
quinones would be expected to be conjugated with
either glucuronide or sulfate and excreted.
In summary, we have provided evidence for the gen-
eration of free radicals and reactive quinonoid species
during HRP-catalyzed oxidation of p-phenetidine and
acetaminophen. We have also investigated the inter-
action ofthese species with the endogenous thiol GSH.
GSH reduces substrate-derived radicals to regenerate
substrate and produce glutathionyl radicals, whereas
the thiol may interact with quinonoid compounds in at
least two different ways, as a reductant or as a conju-
gating species.
We would like to acknowledge the contribution of our co-workers
in these studies and to thank the Swedish Medical Research Council,
the Swedish Council for Planning and Coordination of Research, the
Karolinska Institute and the Royal Society of Great Britain for fi-
nancial support.
REFERENCES
1. Saunders, B. C. Peroxidases and catalases. In: Inorganic Bio-
chemistry, Vol. 2(G. L. Eichorn, Ed.), Elsevier, NewYork, 1973,
pp. 988-1021.
2. Marnett, L. J., and Eling, T. E. Co-oxidation during prostaglan-
din biosynthesis: a pathway for the metabolic activation of xe-
nobiotics. In: Reviews in Biochemical Toxicology, Vol. 5 (E.
Hodgson, J. R. Bend, and R. M. Philpot, Eds.), Elsevier, New
York, 1981, pp. 135-172.
3. Spuhler, O., and Zollinger, H. V. Die chronische-interstitille Ne-
phritis. Z. Kiln. Med 151: 1-9 (1953).
4. Hultengren, N., Lagergren, C., and Ljungqvist, A. Carcinoma
of the renal pelvis in renal papillary necrosis. Acta Chir. Scand.
130: 314-320 (1965).
5. Christ, E. J., and Van Dorp, D. A. Comparative aspects ofpros-ACTIVATION OF AROMATIC AMINES AND PHENOLS 257
taglandin biosynthesis in animal tissues. Biochim. Biophys. Acta
270: 537-545 (1972).
6. Smith, R. L., and Timbrell, J. A. Factors affecting the metab-
olism of phenacetin. I. Influence of dose, chronic dosage, route
ofadministration and species on the metabolism of(1-14C-acetyl)-
phenacetin. Xenobiotica 4: 489-501 (1974).
7. Larsson, A., Orrenius, S., Holmgren, A., and Mannervik, G. In:
Functions of Glutathione; Biochemical, Physiological, Toxicolog-
ical and Clinical Aspects. Raven Press, New York, 1983.
8. Mason, R. P., and Chignell, C. F. Free radicals in pharmacology
and toxicology-selected topics. Pharmacol. Rev. 33: 189-211
(1982).
9. Mason, R. P. Free radical metabolites offoreign compounds and
their toxicological significance. In: Reviews in Biochemical Tox-
icology, Vol. I (E. Hodgson,J. R. Bend, and R. M. Philpot, Eds.),
Elsevier, New York, 1979, pp. 151-200.
10. Mason, R. P. Free radical intermediates in the metabolism of
toxic chemicals. In: Free Radicals in Biology, Vol. V (W. A.
Pryor, Ed.), Academic Press, New York, 1982, pp. 161-222.
11. Rauckman, E. J., Rosen, G. M., and Kitchell, B. B. Superoxide
radical as an intermediate in the oxidation ofhydroxylamines by
mixed function amine oxidase. Mol. Pharmacol. 15: 131-137
(1979).
12. Ross, D., Albano, E., Nilsson, U., andMoldeus, P. Thiylradicals.
Formation during peroxidase catalyzed metabolism of acetami-
nophen in the presence of thiols. Biochem. Biophys. Res. Com-
mun. 125: 109-115 (1984).
13. Ross, D., Larsson, R., Andersson, B., Nilsson, U., Lindquist,
T., Lindeke, B., and Moldeus, P. The oxidation ofp-phenetidine
by horseradish peroxidase and prostaglandin synthase and the
fate ofglutathione during such oxidations. Biochem. Pharmacol.
34: 343-351 (1985).
14. Saez, G., Thornalley, P. J., Hill, H. A. O., Hems, R., and Ban-
nister, J. V. The production of free radicals during the autoxi-
dation of cysteine and their effect in isolated rat hepatocytes.
Biochim. Biophys. Acta 719: 24-31 (1982).
15. Harnan, L. S., Mottley, M., and Mason, R. P. Free radical me-
tabolites of L-cysteine oxilation. J. Biol. Chem. 259: 5606-5611
(1984).
16. West, P. R., Harman, L. S., Josephy, P. D., and Mason, R. P.
Acetaminophen: enzymatic formation ofa transient phenoxy rad-
ical. Biochem. Pharmacol. 33: 2933-2936 (1984).
17. Quintiliani, M., Badiello, R., Tamba, M., and Gorin, G. Radiation
chemical basis for the role of glutathione in cellular radiation
sensitivity. In: Modification ofRadiosensitivity ofBiological Sys-
tems, IAEA, Vienna, 1976, pp. 29-37.
18. Lal, M. 'Co-radiolysis ofreduced glutathione inaerated solutions
at pH values between 1-7. Can. J. Chem. 54: 1092-1097 (1976).
19. Moldeus, P., and Jernstrom, B. Interactions ofglutathione with
reactive intermediates. In: Functions of Glutathione; Biochemi-
cal, Physiological, Toxicological and Clinical Aspects (A. Larsson,
G. Orrenius, H. Holmgren, and B. Mannervik, Eds.), Raven
Press, New York, 1983, pp. 99-108.
20. Ross, D., Larsson, R., Norbeck, K., Moldeus, P., Nilsson, U.,
Bylund, A. C., and Olsson, L. I. Reactive species formed during
peroxidase-catalyzed oxidations. Proc. Soc. Free Radical Re-
search, University of York, 1984, in press.
21. Wefers, H., and Sies, H. Oxidation of glutathione by the super-
oxide radical to the disulfide and the sulfonate yielding singlet
oxygen. Eur. J. Biochem. 137: 29-36 (1983).
22. Quintiliani, M., Badiello, R., Tamba, M., Esfandi, A., and Gorin,
G. Radiolysis ofglutathione in oxygen containing solutions ofpH
= 7. Int. J. Radiat. Biol. 32: 195-202 (1977).
23. Al-Thannon, A. A., Barton, J. P., Packer, J. E., Sims, R. J.,
Trumborne, C. N., and Winchester, R. V. The radiolysis of
aqueous solutions inthe presence ofoxygen. Int. J. Radiat. Phys.
Chem. 6: 233-240 (1974).
24. Moldeus, P., Larsson, R., Ross, D., and Andersson, B. Peroxi-
dase-catalyzed metabolism of drugs and carcinogens. Biochem.
Soc. Trans. 12: 20-22 (1984).
25. Larsson, R., Ross, D., Nordenskjold, M., Lindeke, B., Olsson,
L. I., and Moldeus, P. Reactive products formed by peroxidase
catalyzed oxidation ofp-phenetidine. Chem. Biol. Interact. 52: 1-
14 (1984).
26. Ross, D., Larsson, R., Norbeck, K., Ryhage, R., and Moldeus,
P. Characterization and mechanism offormation ofreactive prod-
ucts formed during peroxidase catalyzed oxidation ofp-pheneti-
dine: Trapping of reactive species by reduced glutathione and
butylated hydroxyanisole. Mol. Pharmacol. 27: 277-286 (1985).
27. Moldeus, P., and Rahimtula, A. Prostaglandin synthase catalyzed
metabolism ofparacetamol to a glutathione conjugate. Biochem.
Biophys. Res. Commun. 96: 469-475 (1980).
28. Rosen, B. M., Rauckman, E. J., Ellington, S. P., Dahlin, D. J.,
Christie, J. L., and Nelson, S. D. Reduction and glutathione
conjugation reaction of N-acetyl-p-benzoquinoneimine and two
dimethylated analogues. Mol. Pharmacol. 25: 151-157 (1984).
29. Albano, E., Rundgren, J., Dahlin, D. J., Nelson, S. D., and Mol-
deus, P Oxidative mechanisms in N-acetyl-p-benzoquin-
oneimine (NAPQI) hepatotoxicity Mol. Pharmacol., in press.